Abstract: Principles of laser cooling and trapping of atoms with regard to the magneto-optical trap (MOT) are described. Some details of the MOT and the accompanying measuring system, both constructed at the Institute of Physics, PAS in Warsaw, are given. Two examples of experimental results are shown.
I. INTRODUCTION
Optical cooling and trapping of neutral atoms belongs to the most effective and elegant experimental methods in atomic physics and is nowadays a widely used technique. Slow velocity, low kinetic energy, greatly reduced collisional perturbation, long interaction time, ability to store a large number of atoms at sufficiently high density -all those features cause interest in the cold atom environment as the ground for a wide variety of novel and precise experiments in the field of, for example, quantum optics, coherent phenomena, frequency standards, cold collisions or atom optics [1] . First papers on deceleration and trapping of atoms by means of laser light or confining the atoms with the magnetic field date back to several decades ago (see e.g., for earlier works [2] ); we will recall an important contribution by T. Hänsch and A. Schawlow in 1975 [3] , who suggested that the laser light can be used to slow down atoms. The 1980s brought such significant achievements as the first stopping of an atomic beam with a laser light by W. Phillips and H. Metcalf [4] , creation of the optical molasses (OM) by Chu et al. [5] at Bell Laboratories and construction of the magneto-optical trap (MOT) by Raab et al. [6] at the same laboratory.
In a 3D OM arrangement three pairs of mutually orthogonal and counterpropagating laser beams intersect in a vacuum chamber containing vapor of the studied element. The laser beams, tuned below the resonance, create a viscous region where the inhibiting force is exerted on the atoms. However, the radiation pressure itself does not allow for their spatial confinement. The atoms are still able to move slowly in any direction and eventually they diffuse out of the region. In order to both cool and confine atoms, the force has to be additionally position-dependent. Operation of the MOT is based on manipulations of the external and internal degrees of freedom of atoms by means of carefully prepared optical and magnetic fields [7] ; the OM is modified by selecting the proper circular polarizations for the beams and applying a weak quadrupole magnetic field (those topics will be discussed later on).
In the first demonstration of MOT the source of the atoms was the sodium atomic beam which had been initially slowed down by the frequency swept laser radiation [6] . The Cs atoms were trapped in MOT for the first time in 1990, but this time the capture occurred directly from the vapor filled spectral cell at room temperature [8] . The vapor supplied traps soon turned out to be very reliable arrangements. The first Polish MOT has been operated by the group of W. Gawlik at Jagiellonian University in Cracow [9] . Currently traps in various variants (the "dark-spot" [10] , two-dimensional [11, 12] , allowing simultaneous trapping of two different elements [13, 14] or isotopes [15] and others) became the standard research tools [16] . They are used e.g. for preliminary cooling in the Bose-Einstein condensation [17] [18] [19] . In recognition of their pioneering achievements in the cooling and trapping of atoms in 1997, C. Cohen-Tannoudji, S. Chu and W. Phillips were awarded the Nobel Prize [20] . Numerous efforts were undertaken to fully understand and theoretically model the MOT [21] . At present, more than 20 different elements have been laser-cooled. The rubidium MOT described in the present work has been designed and built at the Institute of Physics, Polish Academy of Sciences in Warsaw to be one of the first devices in the country [22] . It is the main part of the apparatus for studies of the coherent and nonlinear effects in cold Rb atoms. In this paper we briefly review the essential cooling mechanisms related to the MOT, including both Doppler and sub-Doppler ones, and present our trap with some examples of the results. There are several excellent sources discussing many aspects of laser cooling at length [2, [23] [24] [25] [26] [27] , our introductory treatment given below is based and benefits from these works.
Our paper is organized as follows: In Section II, an overview of the principles of laser cooling and trapping is given, including ideas of laser cooling as a momentum transfer, Doppler cooling and optical forces in optical molasses and the MOT fundamentals (Sections II.1-II.4). A brief discussion of the sub-Doppler cooling with the two polarization gradient mechanisms is given in Section II.5. In Section III, various aspects of the practical realization of the rubidium MOT are elucidated. An outline of the apparatus together with some details of the laser system, including the frequency stabilization and locking systems as well as detection and control of the experiment is given. In Section IV we give examples of results obtained with our apparatus. In Section IV.1 a high resolution spectrum of the D2 line of 85 Rb in the saturated regime is shown, and in Section IV.2 the Autler-Townes spectrum taken in the cascade 5S-5P-5D system is presented and briefly discussed. Finally, the paper is concluded in Section V with a short summary.
II. LASER COOLING AND TRAPPING

II.1. Transfer of momentum between photon and atom
Let us consider an idealized model of a two-level atom irradiated with a beam of resonant photons. According to the momentum conservation when a photon is absorbed its momentum p k = ( k is the wave vector; k = 2π/λ the wave number of the laser field; λ the wavelength) is transferred to the atom retaining both its magnitude and direction (see Fig. 1(a, b) ). This tiny momentum kick due to absorption of a single photon alters the velocity of an atom by recoil velocity v rec = ħk/M ≈ 1 cm/s (e.g. for a real Rb atom it is 0.6 cm/s) which can be compared with typical velocities of a few 100 m/s in room temperature atoms. The absorption is followed by spontaneous emission with a natural lifetime τ = 1/γ of the excited state, where γ is its decay rate (or width), and thus the atom recoils once more. Since the spontaneous emission is isotropic, the recoil of the atom associated with this process is in a random direction, thus there is no net change of momentum on average. Thus overall the change of the atomic momentum is solely the effect of absorption (see Fig. 1(c) ). The force / F dp dt = acting on the atom is directed along the laser Fig. 1 . A simplified depiction of the light pressure acting on the two-level atom. (a) the resonant photon approaches an atom of mass M in its ground state and in rest; (b) as a result of absorption the atom, now in the excited state, gains a momentum kick, ; Mv k = (c) recoil momentum due to the isotropic spontaneous emission averages out over many absorption/emission cycles thus, after n cycles the atom gains momentum Mv n k = along the propagation direction of incoming photons. The wavy arrow is for photon, the thick one for momentum beam. Its value increases with intensity of the incoming light until the stimulated emission begins to play a role. Higher-intensity produces faster absorption, but causes also equally fast stimulated emission. The photon emitted by the stimulated emission moves in the same direction as the stimulating photon. It follows that the momentum transfer in the process of the stimulated emission is directed opposite to the momentum transfer during the absorption. Thus the total change of atomic momentum in such a sequential process equals zero. Therefore, the resultant (de/ac)celeration cannot exceed value max , a kf M γ = (where M is the mass of the atom and f is the fraction of time it spends in an excited state) [28] . In a high intensity beam the atom spends half of its time in each of the states, thus f max = 1/2. With narrow linewidth lasers easily available the scattering rate of 10 7 s -1 or more absorption acts/s is realistic. In such condition an atom moving in the direction opposite to the photon beam could be decelerated very efficiently. Simple evaluation shows e.g. that for the Rb atom a max ~ 10 4 g where g is an earth gravity constant.
Taking typical initial thermal velocity, the time to halt an atom amounts to Δt ~ 1 ms. Thus with lasers one can brake really hard.
II.2. Doppler cooling and optical molasses
If a two-level atom of velocity v propagates against 
which is higher and thus closer to atomic resonance. For red detuning the atom will see this frequency to be at a resonance if the relation: ω L (1+ ν/c) = ω 0 holds. Then, photons will be absorbed and the atom slows down. On the contrary, if the atom co-propagates with the laser beam ( 0) kv > the Doppler shifted frequency increases its distance from resonance and consequently the absorption probability is even further reduced. Thus, the atom undergoes an asymmetric influence by the laser beam depending on the direction of its motion ( v ). It can be noted that atoms of velocity v (with spread determined by γ) satisfy the condition
and are slowed down. By using three intersecting orthogonal pairs of counter-propagating laser beams, the above elucidated slowing effect can be extended to 3D [3] . Each atom moving in this field will be acted by a deceleration force much stronger than the acceleration one. Both forces equalize only if the atom is not moving. Such environment is called optical molasses (OM) [5] . Atoms in OM are free to move around (via diffusion) anywhere within the region of overlapping beams, before they slowly leave the region. At first glance it might be guessed that the residual kinetic energy of an atom in OM equals the photon recoil; however, it is not the case. Its temperature (energy) in general depends on detuning [26] and in minimum reaches limit T D = ħγ/2k B which is much higher than the recoil temperature T recoil = ħ 2 k 2 /(2Mk B ). The former is called the Doppler limit (see Section II.4 for further discussion).
In the moving atom's reference frame, the net force F exerted by a single laser beam depends directly on the scattering (excitation) rate of photons SC Γ (e.g., [24] ):
where / S S I I = the saturation parameter, I the light intensity, I S = πhcγ/3λ 3 the saturation intensity of the transition;
SC
Γ has a Lorentzian dependence on velocity.
Consider now two counterpropagating beams weak enough so that their effects taken separately are additive, and those caused simultaneously by both beams can be neglected. Then the total light pressure force OM F from the two beams is
where
In Fig. 2 are shown as a function of velocity. As can be seen for all velocities, the force exerted on an atom is damping its movement. The atomic motion is damped if the laser is tuned below an atomic resonance. There is also a relatively narrow range of velocities where the force on velocity dependence is linear. Assuming the atoms are slow 
or in short form:
.
OM F v
≅ − β (8) where in the (friction) parameter β all constants and parameter values of Eq. (7) are included. Thus, indeed as it can be seen in Fig. 2 , for slow atoms F OM is proportional to velocity. It resembles the viscous damping. It is why this technique is called OM. The dependence of F OM Eq. (7) on the cooling parameters δ and S is depicted in Fig. 3 ; in (a)
as a 3D plot and in (b) the same dependence is shown as a 2D map where the brighter points symbolize the larger force value. As can be seen from (7) e.g. with S = 1 the maximum force is reached when δ = -γ/2. Depending on a sign of detuning the force can be attractive or repulsive.
Cooling is possible only for negative values of δ, in the opposite case heating occurs and the atom gains energy. It should be noted that the resonance radiation pressure force of the type Eq. (8) alone is not able to provide stable trapping of atoms [29] . each hyperfine state F splits in 2F + 1 sublevels. The Zeeman shift of the sublevel is proportional to its magnetic quantum number m F and to the B field:
II.3. 1D model of the MOT
where: F g -Lande factor, B μ -Bohr magneton, Bintensity of the magnetic field. In the inhomogeneous magnetic field of constant gradient ∂B/∂z the sublevels' splitting changes linearly with z ( Fig. 6 ). We consider an atom situated to the left of the reference frame. The B field in this region has a negative value. The beam incident from the left and propagating toward the trap center is σ (11) where β is the same as in Eq. (8) Note that Eq. (11) is identical to the damped oscillator one. The 3D generalization of the 1D model is rather natural. The atoms are irradiated by pairs of opposing laser beams propagating along three Cartesian axes. Along the z-axis two coaxial identical coils centered with beams' crossing point and carrying opposite currents are placed. The created magnetic field has the spherical quadrupole symmetry, with gradient along the z-axis twice as big as that in the xy plane. Provided a proper choice of various parameters (including the selection of the right closed atomic transition), such configuration allows very efficient slowing and confining of the real atoms. In the real MOT field of ∂B/∂z gradient of the order 10-20 G/cm is used.
II.4. Doppler cooling limit
In Section II.1 the cooling mechanism has been introduced, in which atoms are cooled by resonant photons via the momentum exchange. It has been emphasized that the isotropic character of the spontaneous emission averages out and therefore does not influence the atomic momentum. It could seem that in the end the initially moving atoms will decelerate rapidly to zero velocity. However, it was argued above that the momentum kicks resulting from photon recoil impose its lower limit which is nonzero. This can be described as a random walk in momentum space with k step size. The mean square atomic momentum 2 p < >≠ 0, it changes with each act of absorption or the spontaneous emission. 'The temperature results from an equilibrium between laser cooling and the heating process arising from the random nature of both the absorption and emission of photons' [20] . To evaluate the equilibrium temperature we consider the rates of processes which cause atoms to heat (by the random walk in momentum space) and to cool (by the cooling force exerted by photons as discussed above). The rate at which the energy is removed by cooling equals the product of the force (Eq. (8)) and the velocity
It is proportional to the velocity squared and thus the kinetic energy. In contrast, the heating rate depends on the total photon scattering rate only. For one beam this rate is given by Eq. (4). However, since in an equilibrium atoms move very slowly (ω D = │kv│<< γ) the Doppler shift can be neglected. Thus the rate of change of 2 p < > amounts to:
After each cycle of absorption and spontaneous emission the atom gains the kinetic energy:
The rate of its change is 2 22
At an equilibrium
From Eqns. (13), (16), (17) we derive:
Using the equipartition theorem, the effective temperature can be inferred as (1 4 / ) 3 8
By taking the derivative with respect to δ and performing the usual procedure the lowest temperature limit can be determined. For the optimum value opt δ = -γ/2 it amounts to:
In the low intensity limit the minimum called the Doppler limit is obtained:
It is noteworthy that T D depends only on γ -the inverse lifetime (the width) of the excited state used in the cooling.
The dependence of the temperature T on the detuning δ calculated for γ = 2π × 5.9 MHz corresponding to the 85 Rb (5P 3/2 ) is shown in Fig. 8 . At δ = -/ 2 γ (~2π×3 MHz) T D =143 µK which corresponds to velocity of 12 cm/s (e.g., for Na T D = 240 μK). Typically T D is few 100 μK corresponding to velocities of ca 10 cm/s. The transitions of narrow width or of the width influenced externally are considered as candidates for use in the Doppler cooling with the aim to approach the recoil limit (Eq. (22)) of the temperature [30] . 
II.5. Sub-Doppler Cooling Mechanisms -Polarization Gradient Cooling
It was widely accepted that the Doppler limit T D poses the lowest temperature which can be obtained in OM. Surpisingly, P.D. Lett et al. measured temperature in the laser cooled sodium OM which was six times lower than the expected limit [31] . This triggered theoretical efforts to understand the discovery. The essential new contribution introduced by these works relies in the understanding of the specific role that the multilevel structure of the atom and the polarization of the light play in the laser cooling [32, 33] . The new approach is known as a sub-Doppler cooling and includes several different mechanisms. Below are two examples of such mechanisms which allow temperatures below the Doppler limit. They are known as the polarization gradient cooling mechanisms [32, 33] .
The atom in a nearly resonant field, aside from absorption, is also subject to light induced shifts of its energy levels known as the ac-Stark shift. In the limit of low light intensity it amounts to ΔE g,e ≈ ± ħΩ . The light force active in this process is the same as in the earlier discussed two-level Doppler case. Because the atom travels along z, it has to adapt its population distribution each time it changes the polarization acting on it. However, as stated in a number of lines above, each level undergoes a light shift of a magnitude dependent also on the coupling strength (and thus on polarization and the magnetic number via respective C-G coefficient) of the transition. Both modifications (i) the population distribution and (ii) the respective light shifts change simultaneously as the atom travels along the polarization gradient. In general for negative (positive) detuning the ground level shifts into lower (higher) energies and the opposite holds for the excited level. Thus for δ < 0 (red detuning) the highly populated ground state sublevel 'repels' from its excited 'partner', thus increasing the resonance energy needed for the transition. The light-shifted energies of the ground state sublevels m F = 1/2 and m F = -1/2 oscillate in space with the same periodicity as the polarization does. Moreover, the light shifts of both sublevels m F = 1/2 and m F = -1/2 are not the same because the respective C-G coefficients differs for each circular polarizations. The spatial dependence of the light shifts of the ground-state sublevels is shown in Fig. 9 . Energy of each sublevel changes with z as a sine function with the π -phase shift between them. The sublevels have the same shifts where the polarization of the resulting field is linear, because for this polarization the squares of the C-G's are equal. For the σ + polarization the squared C-G of the sublevel m F = 1/2 is three times larger than that of the sublevel m F = -1/2. In the region where the light polarization becomes σ − the opposite occurs, the shift of m F = -1/2 is three times larger. In Fig. 9 the cooling mechanism is illustrated. As the atom in the m F = +1/2 propagates along z the potential energy changes along with the polarization, the atom is climbing a potential hill (at / 8) z λ = losing its kinetic energy and gaining the potential one, at the hill top it is optically excited with σ − light and as a result of spontaneous emission returns back to the m F = -1/2 level which is now of the lower energy. Thus the emitted photon carries out more energy than the absorbed one. As the atom propagates further the reverse process starts with the m F = -1/2 level populated and situated in the potential valley. Thus in a single absorption/emission cycle the atom loses energy equal the light induced splitting between both levels. The cooling will be no longer possible when the kinetic energy is lower than the height of the hill. The kinetic energy removed from the atom is radiated out. The above mechanism is known in the literature as Sisyphus cooling, and was presented in [32] . It should be underlined that it needs a multilevel structure of the ground state and works over a narrow range of velocities only. The interfering beams of orthogonal circular polarizations form a standing wave of polarization which is linear all along the z axis and its plane rotates periodically at full 2π over the distance of λ (the trace resembles the helix or the screw). Thus, as above, the field has a polarization gradient, but its amplitude stays constant. An interaction of the moving atom with the light field here is more involved than in the former case and the mechanism is radically different [32] . Since the laser intensity is constant and the polarization is linear, all ground levels are shifted in the same way and they do not vary with z. It follows that while in the lin ┴ lin case the dipole force is present, here it does not. Therefore, the Sisyphus effect is not possible. However, instead of the way it was established in [32] , the atomic motion-induced orientation among the levels of the ground state is created. (The simplest model for which it can be demonstrated is the J g = 1 (J e = 2) system.) As follows the Cooling with the polarization gradient (Sisyphus cooling) is possible only for atoms initially pre-cooled by the Doppler cooling, atoms have to be sufficiently slow. The time needed for optical pumping to take effect τ = 1/γ should be shorter than the time necessary for the atom to travel the distance of λ/4, which determines the characteristic velocity of v = γ/k. The faster atoms will not be affected with the Sisyphus cooling. The other of the discussed mechanisms has no such restriction. Both of the above discussed mechanisms can produce the ultra-low temperatures (of the order of few 100 nK ) with a characteristic limit related to the recoil momentum. It is known as the recoil temperature
e.g., for 85 Rb which is of interest here, this temperature amounts to T recoil = 185 nK. It can be noted that in the real 3D OM the complex effective field polarization pattern causes that both discussed mechanisms are important. By selecting the element and/or isotope the importance of different cooling mechanisms can be studied. In contrary to alkali metals, the Group II elements (like e.g., Ca, Sr) have two valence electrons and thus zero electronic angular momentum (J g = 0) in the ground state. Using even isotopes (of I = 0 nuclear spin) one can study the Doppler cooling without the interfering effect of the Sisyphus cooling mechanism. In various odd isotopes, on the other hand, I ≠ 0 and the Sisyphus cooling can be studied as a function of a different number of ground state sublevels.
Ytterbium of III Group apart from J g = 0 has an advantage of several isotopes of I = 0, I = 1/2 and I = 5/2, thus allowing comparison to be performed for a single element e.g., a comprehensive study was reported in [34] . Other cooling mechanisms leading to the sub-Doppler cooling are known just to mention two of them: cooling by Raman resonances [35] or the velocity selective coherent population trapping [36] . Both allow temperatures below the recoil limit.
III. REALIZATION OF THE MOT
III.1. Introduction
For their simple structure alkali metal atoms are very popular objects of the study. The ground to the first excited state transition frequency is the visible or near infrared range. The light appropriate for all alkalis except the sodium can be produced using the cost effective diode lasers. Their handling, operation, frequency stabilization methods are well elaborated. The trap construction is well known and not very sophisticated. Therefore, alkali atom based MOTs are widely used and offer the way to produce atomic samples with temperatures below 1 mK, at a relatively modest cost. The essential part of the diode laser system for spectroscopy of cold Rb atoms designed and built at the IP PAS is a standard six-beam rubidium MOT in a glass chamber, similar to the one first reported in Ref. [8] . In the presence of an adequate magnetic field, the velocity-and position-dependent forces cause both cooling and confinement of atoms, which become trapped at the B = 0 point. Below, the experimental setup, the practical realization of our MOT system is briefly presented. While it can be applied for both the 85 Rb and 87 Rb isotopes, to simplify the presentation we will limit to the more abundant 85 Rb isotope. Besides the MOT lasers, other extended cavity diode lasers (ECDLs) are used for spectral studies. The system is equipped with digital laser frequency tuning-, experiment control-and data acquisition-systems. Our apparatus was earlier described in [22] , and some details are repeated here.
III.2. Description of the trap
In Fig. 10 , the hyperfine structure of the D2 line of 85 Rb used in the process is shown, as well as the transitions, at 780 nm, induced by the two MOT lasers. In order to achieve cooling & trapping the first (strong) laser is slightly red-detuned against the 5S 1/2 (F = 3)→5P 3/2 (F'= 4) cooling transition. This transition is closed, an atom excited into the F'= 4 level spontaneously returns back to the starting F = 3 ground level. However, despite significant frequency mismatch there is still a non-negligible chance for an off-resonant excitation of another transition to the F'= 3 level as well. In that case the decay to F = 2 and F = 3 follows. Even if weak after short time, the optical pumping will transfer all available atoms into the F = 2 level. The cooling will become impossible. The repumping laser, resonant with the 5S 1/2 (F = 2)→5P 3/2 (F'= 3) transition serves to return atoms, which leaked to the 5S 1/2 (F = 2) state, back to the trapping cycle. The general optical scheme of the MOT is depicted in Fig. 11 . The MOT chamber (typical size of 80 mm) is made of quartz glass and equipped with six windows to accept the laser beams. It is connected to another glass cell containing three resistively heated Rb dispensers (SAES Getters) serving as a thermal source of Rb atoms. The chamber is permanently connected to a high-vacuum system based on a 20 l/s (magnetically shielded) ion pump and a titanium sublimation pump. The residual pressure, as determined from the current of a continuously working ion pump is less than 10 -8 Torr. Magnetic coils of 80 mm in diameter and separated by 1.25 radii in an anti-Helmholtz configuration produce a field of quadrupolar symmetry (with gradient up to 40 Gs/cm) necessary for confinement of atoms. Three additional orthogonal pairs of coils surround the chamber to compensate the stray magnetic fields in the trap center. Two commercial extended cavity diode lasers (ECDLs) (type DL100, TuiOptics-Toptica) (DL1, DL3), and a home-made amplifier (DL2) comprise the MOT laser system (1 MHz linewidth). Each laser is protected with a double 60 dB optical isolator (Gsänger) to avoid optical back reflections into the laser cavity. The ECDLs are built in the Littrow configuration with a diffraction grating placed in front of the laser in such a way that the 1st order diffracted beam is reflected back into the laser diode, while the 0th order beam forms the laser output [37, 38] . The role of the grating is to control, with the help of fine-adjustment screws and a piezoelectric transducer (PZT), the frequency of the emitted light and to narrow its linewidth. The lasers DL1 and DL2 work in a master-slave injection locking configuration [39] providing the trapping beam, while DL3 is the repumping laser. Both trapping (40 mW) and repumping (15 mW) beams are combined to co-propagate, spatially reshaped to be nearly circular with anamorphic prism pair, and expanded with a telescope to the diameter of 17 mm. Inside the telescope a shutter is placed, which allows for rapid switching on/off the beam. Subsequently the polarizing cube beam splitters (PBSs), waveplates and mirrors are used to divide and steer the beam into three mutually perpendicular retro-reflected beams, of the same intensity and proper circular polarizations intersecting in the center of the chamber. For actual experiments with the cold atoms other ECDLs of our own construction equipped with adequate control systems are used, these are not included in the scheme of Fig. 11 . An important issue for trap functioning is the laser frequency stabilization and tuning. The lasers' linewidths are < 1 MHz, and the awaited frequency stability is of the same range at least in the data taking time. The respective system consists of two components. The first relies on the Doppler broadened method with the dichroic atomic vapor laser lock (DAVLL) scheme [40] applied, and the other on the Doppler free method with the frequency control unit based on the saturated absorption spectrometer (Fig. 12) . Since DAVLL relies on the Doppler broadened transition for experiments with MHz resolution, the use of the second spectrometer is necessary to calibrate the laser frequency against 85 Rb hyperfine structure line positions. The trapping laser is actively locked to a respective crossover resonance of a transition in a saturated absorption spectrometer. Signal of both spectrometers are generated in their own Rb vapor filled glass cells and detected with photodiodes. To improve a control and precise setting of the trapping beam frequency the setup was equipped with an acousto optical modulator (AOM). A double pass AOM scheme was used between DL1 and DL2 lasers giving a sub-MHz precision and 40 MHz tuning range (not shown in Fig. 11 ). Two photographs of the optical table are shown. In Fig. 13(a) in the background at the central position the main part of the system with the MOT chamber can be seen. View of the chamber is screened by small coils (diameter of about 100 mm) producing the inhomogeneous B field. Some fragments of the big coils for cancellation of an earth and stray magnetic fields are also visible. In the foreground an extra (coupling) laser used in our experiments can be seen. In Fig. 13 (b) a general view of the laser system is shown. The MOT lasers are situated in the lower table together with the frequency stabilization arrangement. On the upper table an additional (probing) laser is placed.
In our MOT the steady state number of trapped atoms (given by the balance between loading and loss rates), amounts to 10 6 -10 8 depending on the trap parameters (laser intensity, detuning and magnetic field gradient) in a cloud of a size typically about 1 mm and the temperature of about 100 μK. Some other details about our MOT can be found in an earlier publication [22] .
III.3. The apparatus for spectral studies
The trapped atoms offer a convenient environment for a wealth of studies. Various processes have been studied with our apparatus by probing the cold sample with additional laser(s). The apparatus is aimed at registering laser induced spectra. During the data taking the MOT lasers can be constantly on or alternatively switched off. In the latter case one can avoid the perturbing influence of the MOT fields. However, with this approach the timing requirements are more stringent.
The control of many experimental parameters as well as the measurement taking demand a lot of care. To allow the smooth operation a computerized system was built. In Fig. 14 a diagram is shown of a system, dedicated for control of the experimental parameters and for data acquisition. The device (DMS2000) entirely constructed and programmed in our laboratory is based on the microcontroller (ATmega32) connected via USB port to a PC. It enables execution of a programmed sequence of experimental events including turning on/off the MOT fields, readouts of signals, advancing laser frequency after the end of the data acquisition period, etc. Due to application of the microcontroller, timing sequence can be established precisely, with μs accuracy, which is usually not available in many measurement systems based on the Windows platform.
Below two examples of the high resolution pumpprobe measurements performed with our experimental arrangement in cold 85 Rb atoms are given. Note that that the Autler-Townes doublets' components are of significantly differing amplitudes which is a result of the off-resonant excitation of the strongly-driven (trapping) transition. Further explanation of the observed features is beyond the scope of this contribution. It can be found e.g., in [41, 42] .
IV.2 Study of the 5P 3/2 → 5D J transition
In Fig. 16 an example of an absorption spectrum in a multilevel cascade scheme with a dense hyperfine structure in the uppermost level is shown. In this experiment we sampled the 85 Rb MOT with a weak probe beam tuned across the 5P 3/2 (F'= 4) → 5D J (F") (J = 3/2, 5/2) hyperfine manifolds, while the 5S 1/2 (F=3) → 5P 3/2 (F'=4) transition was driven by the red-detuned trapping beam. The transmission spectra of this cascade system were registered for a number of detunings and intensities of the trapping field. The spectrum presented shows an example of absorption to the 5D 3/2 (F"=3, 4) manifold. The multiple peaks are due to both its hyper fine structure and the acStark (equivalentlyAutler-Townes) splitting in the first, lower step of the cascade 5S 1/2 (F=3) → 5P 3/2 (F'=4) → 5D J (F"). Features denoted with (*,**) corespond to the Autler-Townes doubled hyperfine components. The spectra were simulated as a sum of Lorentzians via iterative fitting procedure. In this way the line positions and the separations between the doubled features were obtained. The performed measurements of the Autler-Townes splitting could be used for direct determination of the Rabi frequency Ω of ' Ω = Ω +δ , (23) and noting that the measured splitting is approximately equal to Ω' we have calculated the value of Rabi frequency to be Ω = 16.4 ± 0.5. More results and a detailed discussion are given in [43] . 
V. SUMMARY
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